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Transcription factor NF-kB is generally considered to be a heterodimer with two subunits, p50 and p65. The
p50 subunit has been suggested to be generated from its precursor, p105, via the ubiquitin-proteasome
pathway. During processing, the C-terminal portion of p105 is rapidly degraded whereas the N-terminal
portion (p50) is left intact. We report here that a 23-amino-acid, glycine-rich region (GRR) in p105 functions
as a processing signal for the generation of p50. A GRR-dependent endoproteolytic cleavage downstream of the
GRR releases p50 from p105, and this cleavage does not require any specific downstream sequences. p50 can
be generated from chimeric precursor p105N-GRR-IkBa, while the C-terminal portion (IkBa) can also be
recovered, suggesting that p105 processing includes two steps: a GRR-dependent endoproteolytic cleavage and
the subsequent degradation of the C-terminal portion. We have also demonstrated that the GRR can direct a
similar processing event when it is inserted into a protein unrelated to the NF-kB family and that it is therefore
an independent signal for processing.

NF-kB was originally identified as a transcription factor that
binds to the kB site in the intronic enhancer of the immuno-
globulin k light-chain gene in B lymphocytes (38). It was later
found in all mammalian cells as a heterodimer whose subunits,
p50 and p65, belong to the multigene Rel family (2, 40). In
mature B lymphocytes and some monocytes and macrophages,
NF-kB is constitutively active (38), whereas in most other cells,
NF-kB is inactive, as it forms cytoplasmic ternary complexes
with its inhibitors IkBa and IkBb (1, 44). NF-kB activity can be
induced by a large number of inducers, such as tumor necrosis
factor alpha, lipopolysaccharide, phorbol myristate acetate, in-
terleukin 1, and double-stranded RNA (3, 9, 12, 28, 42). Upon
induction, IkB proteins are phosphorylated, ubiquitinated, and
then subjected to degradation (10, 16, 20, 24, 46). The released
p50-p65 complex subsequently translocates into the nucleus
and initiates NF-kB-dependent transcription.
The p50 subunit of NF-kB is synthesized as a 105-kDa pre-

cursor called p105, and the N-terminal portion of p105 is p50
(17, 22). p50 consists of the Rel homology domain (RHD)
shared by all members of the Rel family, a glycine-rich region
(GRR) directly adjacent to the RHD, and a string of 33 to 35
amino acids after the GRR. The C-terminal portion of p105 is
identical to IkBg, which is a product of an alternatively spliced
RNA found in certain mouse pre-B cells (17, 21, 25). IkBg is
homologous to other IkBs in that it has ankyrin repeats (4).
The RHD is responsible for binding to DNA, dimerization,
and interaction with IkB (15). The structure of the RHD in p50
resembles the structure of immunoglobulins and the core do-
main of tumor suppressor p53 (15, 30). Another Rel family
protein, p52, shares significant homology with p50 and is also
generated from a precursor, p100. The p100 protein resembles
p105 in that it contains an RHD, a GRR, and the C-terminal
ankyrin repeats, and it is likely that both p50 and p52 are
generated from their precursors by similar mechanisms (6, 33,
37).

The processing of p105 has been proposed to be due to an
ATP-dependent proteolytic event (14). The proteasome, a
large multicatalytic cellular degradation machine, has been
implicated in this process (34). Unprocessed full-length p105
can form a complex with p65 that is retained in the cytoplasm,
presumably through the IkB-like function of the C-terminal
portion of p105 (32, 35). Extracellular stimuli not only induce
the degradation of IkBa and IkBb in the p50-p65-IkB com-
plexes but also enhance the processing of p105 in the p105-p65
complex (28, 29, 31). Upon removal of the p105 C-terminal
portion, the resulting p50-p65 complex translocates to the nu-
cleus and thus provides an additional source of active NF-kB.
However, p50, as a component of the NF-kB complex, exists in
all cells in the absence of external stimuli (14, 17). The in vitro
translation of either full-length or C-terminal deletion frag-
ments of p105 always results in two products (corresponding to
the sizes of the full-length fragments and to p50) in an equal
ratio (14, 17), and the same phenomenon has also been ob-
served when p105 clones are expressed in vivo (32). These
observations suggest that p50 can be generated without addi-
tional stimuli.
Recently, serine residues 32 and 36 in IkBa have been found

to be required for phosphorylation, ubiquitination, and degra-
dation via the 26S proteasome in response to various stimuli
(7–10, 45). Although the ubiquitin-proteasome pathway has
also been shown to be involved in p105 processing (34), the cis
elements in p105 that are responsible for processing are un-
known. Also, unlike IkBa and other known examples involved
in proteasome-dependent degradation in which the entire tar-
get protein is degraded, p105 is processed in an unique way in
which only its C-terminal portion is degraded.
We report here that a 23-amino-acid GRR in p105 functions

as a processing signal for the generation of the p50 subunit. An
endoproteolytic cleavage downstream of the GRR releases
p50. Hence, our results provide an explanation for the incom-
plete processing of p105. Furthermore, we have shown that the
GRR can direct the cleavage and subsequent degradation of a
protein unrelated to those of the NF-kB family, and therefore,
it appears to be an independent processing signal. Thus, the
recognition and binding of the GRR could serve as an impor-
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tant control step in the ubiquitin-proteasome pathway for the
generation of p50.

MATERIALS AND METHODS

Enzymes and antibodies. The restriction enzymes and T4 DNA ligase used for
the subcloning and construction of mutants were from either New England
BioLabs or Boehringer Mannheim. The Pfu DNA polymerase used in the PCR
was from Stratagene Cloning System. The Sequenase version 2.0 DNA sequenc-
ing kit from United States Biochemical was used for DNA sequencing.
The rabbit polyclonal antibody against the N-terminal 340 amino acids of p105

was generated by this laboratory. Rabbit polyclonal antibodies against amino
acids 6 to 20 of IkBa (N terminus, C-15) and amino acids 297 to 317 of IkBa (C
terminus, C-21) were from Santa Cruz Biochemical, Inc. Rabbit polyclonal
antibody against the N-terminal portion of p65 (antibody A) and antibody
against amino acids 471 to 490 of IkBg (C terminus, 5177C) were also from Santa
Cruz Biochemical, Inc. The mouse monoclonal antibody against the 12 amino
acids in the N terminus of T7 gp10 was a gift from F. William Studier (Brook-
haven National Laboratory), and the rabbit polyclonal antiserum against gluta-
thione S-transferase (GST) was a gift from Richard A. Flavell (Yale University
School of Medicine).
The control plasmids. Control plasmid pGL048a was made by inserting the

mouse p105 coding sequence (bp 292 to 3207) (17) between a BamHI site and an
XbaI site in mammalian expression vector pEVRF (27). p105 expressed from
pGL048a is a fusion protein that adds 6 amino acids (MASWGS; the last two
amino acids correspond to BamHI site GGATCC) from the vector to the N
terminus. pGL048a was used as wild-type control for all in vivo experiments.
Control plasmid pGL015 was constructed by inserting the coding sequence of

mouse IkBa (bp 95 to 1048) into T7 expression vector pET3B (41) at an NdeI site
and a BamHI site. IkBa was expressed in Escherichia coli BL21 (DE3)/pLysS as
described by Studier et al. (41), and the bacterial lysate was used as the IkBa
marker.
Control plasmid pGL114a was constructed by the insertion of the T7 gene 10

coding sequence (bp 22966 to 24001 of the T7 genome) into the pEVRF vector
at a BamHI site and an XbaI site.
Construction of p105 deletion mutants, fusions, and other hybrids. All p105

deletion mutants and fusions used in this work were derived from plasmid
pGL048a by using existing restriction sites or by introducing unique or conve-
nient restriction sites via oligonucleotide primers for PCR. Hybrids were con-
structed by ligating PCR fragments into the pEVRF vector. The 23-amino-acid
GRR sequence used in the hybrids is flanked with a HindIII site (forward primer
OGL049; the HindIII site is underlined, and the nucleotide sequence of p105
following the HindIII site starts from bp 1407) and an EcoRI site (reverse primer
OGL057; the EcoRI site is underlined, and the nucleotide sequence of p105
following the EcoRI site starts from bp 1476). The primer sequences are 59-
CCCAAGCTTGGCGGCGGCAGTGGAGCG-39 (OGL049) and 59-GGAATT
CGGTACTCCCTCCGCC-39 (OGL057).
The 261-amino-acid segment from the N terminus of T7 gp10 used in the

fusion (pGL083a) was a PCR product from vector pET3xA (41), and the full-
length T7 gp10 used in the hybrids (pGL115a and pGL122a) was a PCR product
from the T7 genome. The GST sequence used in hybrid pGL115a was a PCR
product from vector pGEX-2T (Pharmacia).
The deletion mutants, fusions, and hybrids have been DNA sequenced to some

extent or carefully restriction mapped to confirm their sequences and reading
frames.
Expression of p105 deletion mutants, fusions, and hybrids in COS1 cells. p105

deletion mutants and fusions were transfected into COS1 cells by the standard
DEAE dextran method. About 10 mg of DNA was used per transfection in a
200-by-10-mm Falcon tissue culture dish (with about 5 3 106 cells). After 3.5 h
of incubation with DEAE dextran and DNA, the cells were washed twice with 13
phosphate-buffered saline (PBS) and covered with 10 ml of fresh Dulbecco
modified Eagle medium (with 10% fetal calf serum, 2 mM L-glutamine, and 100
mg of penicillin-streptomycin per ml). After 48 h, the transiently transfected cells
were washed several times with cold 13 PBS and then lysed with 200 ml of ELB
buffer (50 mM Tris-HCl [pH 7.5], 300 mM NaCl, 0.1% Nonidet P-40, 5 mM
EDTA, 1 mM phenylmethylsulfonyl fluoride, and 1 mM dithiothreitol) at room
temperature for 5 min. The lysates were then centrifuged at 14,000 rpm for 20
min at 48C. The supernatants were either used immediately for Western blot
(immunoblot) analysis or stored at 2208C for future analysis.
Western analysis. Small amounts of cell lysates (5 to 15 ml) were resolved by

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 10
or 12% gels, transferred to an Immobilon-P membrane (Millipore) at 100 V and
48C for 1 h, blotted with the primary antibody for 2 h and with the secondary
antibody (either anti-rabbit immunoglobulin, horseradish peroxidase-linked
whole antibody from donkeys for polyclonal antibodies or anti-mouse immuno-
globulin, horseradish peroxidase-linked whole antibody from sheep for mono-
clonal antibodies [Amersham Life Science]) for 1 h, and then subjected to
enhanced chemiluminescence (Amersham Life Science).

RESULTS

The GRR is the key element for the generation of p50.
Previous results have shown that p50 can be generated both in
vitro and in vivo in the absence of most of the p105 C-terminal
portion (14, 17, 34). Therefore, we assumed that the signal
required for the processing was not in the C-terminal portion
of p105. To identify the element critical for the generation of
p50, we mapped the N-terminal portion of mouse p105 by
deleting different structural blocks on the basis of information
on the three-dimensional structure of p50 (RHD) (15). The
principle of the mapping was to keep the C-terminal portion of
p105 intact while deleting different structural blocks in the
N-terminal portion. By this method, the full-length and pro-
cessed products would be clearly resolved within the normal
range of SDS-PAGE. The basic structure of p105 is summa-
rized in Fig. 1a.
We chose to analyze p105 processing in COS1 cells because

of the high level of expression from plasmid vector pEVRF
(27). Expression in vivo also avoids the problem of the incom-
plete and inefficient translation that occurs when long frag-
ments are translated in vitro. After plasmids harboring the
mutants were transfected into COS1 cells, small amounts of
the cell lysate were analyzed by SDS-PAGE and the relevant
products were visualized by Western analysis with a polyclonal
antibody against the N-terminal 340 amino acids of p105. De-
leting either subdomain 1 or 2 of the RHD or the short loop
linking the two subdomains (15, 30) did not affect the gener-
ation of the processed product (Fig. 1a and b, lanes 3, 6, and 7
[pGL071a, pGL079b, and pGL073a, respectively]), and the
migration of the processed products on SDS-PAGE gels
agreed with the estimated molecular sizes. Short deletions
after the C terminus of the GRR, including those after the
presumed C terminus of p50 (amino acid 433 [unpublished
results]), also did not affect the generation of the processed
product (Fig. 1a and b, lanes 8 to 10 [pGL076a, pGL077a, and
pGL078a, respectively]). However, any deletions that included
a 35-amino-acid GRR (amino acids 364 to 398) completely
abolished the generation of a processed product (Fig. 1a and b,
lanes 4 and 5 [pGL070a and pGL075a, respectively]). Further
deletions within the 35-amino-acid GRR revealed that the
cluster of 8 nonglycine amino acids at the N terminus of the
region (amino acids 364 to 371) (Fig. 1d) was not required
(Fig. 1c, lane 4 [pGL093a]), whereas deletion of the remainder
of this region (amino acids 372 to 398) (Fig. 1d) abolished the
generation of p50 (Fig. 1c, lane 3 [pGL092a]). Replacement of
amino acids 395 to 400 with the thrombin recognition sequence
(Fig. 1d) also did not affect the generation of p50 (data not
shown). Therefore, amino acids 395 to 398 are also dispensable
(Fig. 1d). Hence, the remaining 23-amino-acid (372 to 394),
glycine-rich peptide is defined as the critical element for the
generation of p50 (Fig. 1d).
An endoproteolytic cleavage downstream of the GRR re-

leases p50 from the p105 C-terminal portion. The generation
of p50 has been suggested to be due to an ATP-dependent
proteolytic degradation of the p105 C-terminal portion by the
26S proteasome (34). No C-terminal intermediate of the pro-
cessing has ever been recovered (14, 19, 36). Antibodies to
IkBg do not detect any degradation products corresponding to
the C-terminal portion of p105 (19), suggesting that this por-
tion may be particularly sensitive to degradation. Therefore, it
is possible that the unique structure of the C-terminal portion
of p105 might determine its vulnerability in the cytoplasm. To
determine how the GRR was related to the processing of the
C-terminal portion of p105 and also to confirm that the entire
C-terminal portion of p105 was not required for the generation
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of p50, we replaced this portion of p105 with a shortened IkBa
(37 amino acids short at the C terminus). The rationale behind
the design was that (i) IkBa shares homology with the C-
terminal portion of p105 in that it contains ankyrin repeats, (ii)
both are degraded by the 26S proteasome (34, 46), and (iii)
IkBamight be more stable than the C-terminal portion of p105
since the kinetics of its degradation can be followed easily
whereas the C-terminal portion of p105 has never been recov-
ered (14, 19, 36).
In p105-IkBa fusion pGL085, a shortened IkBa was fused in

frame to amino acid 433, the estimated p50 C terminus (23).
The fusion molecule was transfected into COS1 cells, and the
cell lysate was analyzed by SDS-PAGE followed by Western
analysis with different antibodies. As can be seen in Fig. 2,
there were two products on the anti-p50 blot: the full-length
fusion protein with a size that corresponded to the estimated
molecular size of about 85 kDa and a second product with a
size similar to the size of wild-type p50 (lanes 2 and 3). The

IkBa antibody revealed both the full-length fusion protein and
a product with the size of the shortened IkBa (Fig. 2, lane 7),
suggesting that the IkBa seen on the blot was released from
the fusion molecule. The recovery of the released C-terminal
portion of this fusion suggests that a GRR-dependent endo-
proteolytic cleavage releases p50 from the p105 C-terminal
portion and that the observed rapid degradation of the p105
C-terminal portion is likely to be a subsequent step instead of
a prerequisite for the generation of p50.
The endoproteolytic cleavage occurs downstream of the

GRR and does not require any downstream sequences. Mu-
tants that contain short deletions downstream of the GRR
(pGL076a, pGL077a, and pGL078a) generated products with
molecular sizes similar to that of p50 (Fig. 1b, lanes 8 to 10),
suggesting that the sequences downstream of the GRR might
not be required for endoproteolysis. To further investigate this
possibility, we fused either full-length IkBa or the N-terminal
261 amino acids of bacteriophage T7 gene 10 (encoding a T7

FIG. 1. Western analyses of lysates from COS1 cells transfected with p105 deletion plasmids. (a) Mouse p105 deletion constructs. The basic structure of p105 is
shown at the top. The N-terminal portion is divided into two subdomains linked by a 7-amino-acid loop, and the position of the GRR is indicated. Amino acid sequences
of the deleted region are labeled. (b) Deletion mapping of the p105 N-terminal portion. The lysates were resolved on an SDS–12% PAGE gel. Mock (lane 1) was the
lysate from cells transfected with or without the vector plasmid. pGL048a was the wild-type p105-p50 control (lane 2). The positions of p105 and p50 are marked. The
full-length deletion proteins and the processed products are marked with arrowheads, and their molecular sizes are estimated as follows: pGL071a, 80 kDa (the
processed product is 21 kDa) (lane 3); pGL070a, 86 kDa (lane 4); pGL075a, 99 kDa (lane 5); and pGL079b, 94 kDa (the processed product is 35 kDa) (lane 6). The
rest of the deletion mutants (pGL073a, pGL076a, pGL077a, and pGL078a [lanes 7 to 10]) have smaller deletions, and their processed products are p50-like and migrate
slightly slower than the p50 control. In lanes 3 and 6, the lower amounts of the processed products in the blot might be due to either the instability of the products
or the reduced efficiency of processing. For an unknown reason, in addition to the expected processed product, there is a band parallel to p50 in lane 6 (pGL079b).
(c) Deletion mapping of the 35-amino-acid region. The lysates were resolved by SDS–10% PAGE. pGL048a was the wild-type p105-p50 control (lane 2). pGL092a (lane
3) lacks the 27-amino-acid GRR, and pGL093a (lane 4) lacks the 8 nonglycine amino acids. (d) The GRR peptide sequence. The 23-amino-acid functional region of
the GRR is underlined.
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capsid protein, gp10 [13]) to p105 at amino acid 401 (right after
the GRR sequence). As can be seen from Fig. 3 (lanes 3 and
6 [pGL087a]) and Fig. 4 (lanes 3 and 6 [pGL083a]), both
fusions generated a p50-like product that reacted to both the
p50 antibody and antibodies against the fused portion (i.e., the
IkBa antibody and the gp10 antibody), suggesting that the
cleavage occurred within the fused IkBa and gp10 sequences.
Therefore, the GRR-dependent cleavage does not require spe-
cific sequences downstream of the GRR. The small variations

in the sizes of the processed products observed in Fig. 1b (lanes
8 to 10 [pGL076a, pGL077a, and pGL078a, respectively]) and
Fig. 3 (lane 3 [pGL087a]) suggest that the linear distance from
the GRR where the cleavage occurs may be influenced by the
secondary structure of the intervening region (see Discussion).
The C-terminal portion of fused IkBa in fusion pGL087a, as

was the case with fusion pGL085 (Fig. 2, lane 7), was recovered
(Fig. 3, lane 10). Although the p50-like product of p105-gp10
fusion pGL083a was generated at a much higher percentage
(Fig. 4, lanes 3 and 6) and therefore should be accompanied by
relatively higher amounts of the released C terminus of gp10,
a polyclonal antibody against full-length gp10 failed to detect
the released C terminus of gp10 (data not shown) (the gp10
antibody used in Fig. 4 was a mouse monoclonal antibody
against the 12 amino acids in the N terminus of gp10). Since
gp10 can be expressed as a stable protein in COS1 cells (Fig. 4,
lane 7), the inherent stability of the molecules (unlike what we
had presumed before) used for the fusion may not determine
their kinetics of degradation following cleavage. Instead, it is
possible that the stability of the released C termini is deter-
mined by other features, including those determining whether
or not their sequences conform to the N-end rule (47).
The GRR functions as an independent processing signal. To

investigate whether the GRR is the sole cis element directing
the processing, the GRR sequence was placed between the
IkBa sequence at its N terminus and p50 (to amino acid 363)
at its C terminus (pGL108a). The IkBa-GRR-p50 hybrid was
expressed in COS1 cells, and the lysate was examined with the
IkBa antibody and the p50 antibody. As can be seen in Fig. 5,
the hybrid protein was processed to form both an IkBa-like
product (IkBa with the GRR and some sequences from the
p50 N terminus) and p50. The IkBa antibody detected the
full-length product and the IkBa-like product with a molecular
size of about 44 kDa (Fig. 5, lane 3); the p50 antibody revealed
the full-length protein, the 44-kDa IkBa-like product, and the
remaining C-terminal portion of p50 (lane 6). The released p50
C-terminal portion was resistant to subsequent degradation
and migrated as a doublet with an estimated molecular size of

FIG. 2. Western analysis of lysates from COS1 cells transfected with fusion
construct p105-IkBa (pGL085). A shortened IkBa (37 amino acids shorter at the
C terminus) was fused at amino acid 433 of p105 to form fusion pGL085.
pGL048a was the wild-type p105-p50 control (lane 2). The lysates were resolved
by SDS–10% PAGE. Both the full-length fusion protein and p50 were detected
by the p50 antibody (lane 3). The released IkBa was detected by the antibody
against the N terminus of IkBa (C-15 [lane 6]). The molecular sizes of the fusion
protein and the shortened IkBa were estimated as 80 and 32 kDa, respectively.
The molar ratios of p50 and the shortened IkBa were not equal, suggesting that
IkBa was still degraded, though not to the same extent as the C-terminal portion
of p105. The control IkBa was a full-length protein (37 kDa) expressed in E. coli
(pGL015 [lane 7]).

FIG. 3. Western analysis of lysates from COS1 cells transfected with fusion
construct p105-IkBa (pGL087a). The full-length IkBa was fused at amino acid
401 of p105 to form fusion pGL087a. The lysates were resolved by SDS–10%
PAGE. pGL048a was the wild-type p105-p50 control (lane 2). The p50-like
product generated from the fusion migrated slightly slower than p50 (lane 3) and
reacted with both the p50 antibody (lane 3) and the IkBa antibody (C-15 [lane
6]). The released C terminus of IkBa was recovered with the antibody against the
C terminus of IkBa (lane 10). The fusion-like protein that appeared in lane 11
(control IkBa, expressed in E. coli) was due to overflow from the neighboring
lane and did not appear in other pGL015 lysates.

FIG. 4. Western analysis of lysates from COS1 cells transfected with fusion
construct p105-gp10 (pGL083a). The N-terminal 261 amino acids from bacte-
riophage T7 gene 10 (capsid protein) was fused at amino acid 401 of p105 to form
fusion pGL083a. The lysates were resolved by SDS–10% PAGE. pGL048a was
the wild-type p105-p50 control. The p50-like product reacted with both the p50
antibody (lane 3) and the gp10 monoclonal antibody (lane 6). The processed
product was generated in much higher percentage than from pGL048a (lanes 3
and 6). Both full-length gp10 (pGL114a [36.4 kDa]) and a truncated gp10 with
a size of 33.5 kDa (Novagen) were used as controls (lanes 7 and 8).
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around 38 to 39 kDa (Fig. 5, lane 6). The IkBa-GRR-p50
hybrid experiment demonstrated that an RHD in the N termi-
nus of the GRR was not necessary to generate the N-terminal
portion from the precursor and also that generation of the
N-terminal portion did not depend on the degradation of its
C-terminal portion because the released C-terminal portion
(38- to 39-kDa p50) was recovered.
To demonstrate that GRR can direct a similar processing

event in a protein unrelated to those of the NF-kB family, we
decided to insert the GRR between two unrelated proteins.
This design stemmed from two concerns: (i) the size and fate
of generated N- and C-terminal portions could be monitored
separately with different antibodies, and (ii) insertion of the
GRR into a protein without knowledge of its folding (i.e., the
three-dimensional structure) may result in the GRR being
buried and therefore not being recognized. With a hybrid in
which the GRR was sandwiched by two unrelated proteins, the
processing signal might have a greater chance to be exposed
and recognized if the two proteins could fold relatively inde-
pendently of each other. On the basis of these concerns, we
inserted the GRR between gp10 at its N terminus and GST at
its C terminus to form test hybrid pGL115a. Compared with
control hybrid gp10-GST (Fig. 6, lane 2 [pGL122a]), gp10-
GRR-GST hybrid pGL115a expressed in COS1 cells exhibited
both full-length hybrid protein and the processed gp10-like
product (gp10 with the GRR and some sequences from the N
terminus of GST) with a molecular size of about 41 kDa (Fig.
6, lane 3). Since control hybrid gp10-GST was not processed,
the GRR sequences were apparently required for the process-
ing. Therefore, the generation of p50 in the fusions, as well as
the generation of the second products in the hybrids, is unlikely
to be due to a nonphysiological mechanism. An antiserum
against GST was able to detect the full-length hybrid, but the
C-terminal portion of GST was not detected and therefore
might be degraded (data not shown). Hence, this experiment

demonstrates that the GRR can function as an independent
processing signal.

DISCUSSION

Specific destruction of a protein in vivo plays a critical role
in regulating different bioactivities. So far, studies have shown
that different targeting signals can lead proteins to degradation
by the proteasome pathway (11). The ‘‘destruction box’’ se-
quences in mitotic cyclins (18, 26) and the PEST (proline-
glutamate-serine-threonine) sequences in CLN3 (48) are among
these examples. The GRR sequence identified in this work is
distinct from these known examples in that it leads p105 and
other tested proteins to an incomplete destruction that results
in an intact N-terminal portion and either complete or partial
degradation of the C-terminal portion. Because the processing
of p105 results in the generation of a functional NF-kB p50
subunit, which in recent work has been shown to be a critical
component of gene programs regulating the activation of lym-
phocytes and immune responses to pathogens (39), the iden-
tification of the GRR as well as its role in the p105 processing
should lead to a better understanding of signal-regulated, NF-
kB-dependent gene expression.
The GRR functions as a degradation signal. The major

feature of the 23-amino-acid GRR is the abundance of glycines
(15 among 23 amino acids). The peptide sequence was pre-
dicted to have high flexibility and to be loosely folded (5).
Another obvious feature of this short peptide is that it is
composed mainly of small amino acids and can be divided into
two parts that are separated by two bulky amino acids, phe-
nylalanine and methionine (Fig. 1d). At present, the implica-
tion of these features in the sequence is not clear, and further
structure-function analysis will be necessary to gain a better
understanding. It is highly unlikely, however, that the GRR
only functions as a destruction element that makes the region

FIG. 6. Western analysis of lysates from COS1 cells transfected with hybrid con-
struct gp10-GRR-GST (pGL115a) and its control hybrid gp10-GST (pGL122a).
The full-length protein was fused at the N terminus of the GRR and GST was
fused at its C terminus to form hybrid pGL115a. The control hybrid was made by
fusing full-length gp10 to GST. The lysates were resolved by SDS–10% PAGE.
Both the full-length protein and processed gp10 (with an estimated size of 41
kDa, with 36.4 kDa of gp10 plus the GRR and some sequences from GST) were
detected by the gp10 monoclonal antibody (lane 3). gp10-GST was not processed
under the same conditions (lane 2). pGL114a was the full-length gp10 (expressed
in COS1) control (lane 4).

FIG. 5. Western analysis of lysates from COS1 cells transfected with hybrid
construct IkBa-GRR-p50 (pGL108a). The full-length IkBa was fused at the N
terminus of the GRR and p50 (RHD) was fused at its C terminus to form hybrid
pGL108a. The lysates were resolved by SDS–10% PAGE. pGL048a was the
wild-type p105-p50 control (lane 6), and pGL015 (expressed in E. coli) was the
IkBa control. The hybrid generated the full-length protein, the processed IkBa
(about 44 kDa [lane 3 as marked]), and the released p50 (migrated as a doublet
with an estimated size of 38 to 39 kDa [lane 7 as marked]). The endogenous IkBa
was somehow upregulated by the transfection of the fusion protein (lane 3). The
processed IkBa with the GRR plus some of the p50 N-terminal sequence is also
recognized by the p50 antibody (44 kDa [lane 7]).
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vulnerable for various proteases, because the endoproteolytic
cleavage always occurs downstream of instead of within the
GRR region. Also, generation of p50 in Saccharomyces cerevi-
siae is prevented by mutations on the proteasome (34), which
strongly argues against the involvement of nonspecific pro-
teases in the GRR-dependent endoproteolytic cleavage.
If the GRR can function independently as a degradation

signal, any molecule that contains the GRR sequence should
be potentially unstable. However, the sequence of one of the
reported IkBgs (p70) overlaps with the sequence of p105 from
amino acid 364 (21), and therefore this IkBg contains the
entire GRR sequence (amino acids 372 to 395). Despite con-
taining the GRR, IkBg can be expressed as a stable protein in
some tested cell lines (21). It is possible that additional se-
quences in the N terminus of the GRR are necessary in order
for a protease or a proteasome to sit on the GRR. Alterna-
tively, the IkBg sequence might actually start from the methi-
onine at position 384, which is 20 amino acids downstream
from the presumed initiating methionine at amino acid 364
(Fig. 1d). If translation actually begins at methionine 384, then
the remaining portion of the GRR in the IkBg sequence might
not be functional. The latter possibility can only be tested by
sequencing the N terminus of IkBg.
Homology searches of databases showed that the GRR se-

quence was unique for p105 and p100 species. Processing of
the related Rel protein p100 results in a product with a size of
52 kDa (p52) (6, 33, 37), but the GRR of p100 is located more
towards the N terminus at amino acids 343 to 373 in contrast
to that of p105 at amino acids 364 to 394. Since the composi-
tion of the amino acids within the same linear distance from
the GRR of both proteins cannot explain why p100 generates
a product with a higher molecular weight, it is likely that the
cleavage occurs at a greater linear distance from the p100
GRR to the site. Within a fixed distance, a more compactly
folded sequence will contain a larger number of amino acids
than the loosely folded sequence; therefore, the difference
between the molecular sizes of p50 and p52 could be inter-
preted as a result of different secondary structures between the
GRR and the cleavage site in the two proteins. Consistent with
this hypothesis, in some p105 deletion mutants (pGL076a,
pGL077a, and pGL078a [Fig. 1b, lanes 8 to 10]) and the p105-
IkBa fusion in which the sequence after the GRR is replaced
by IkBa (pGL087a [Fig. 3, lane 3]), a slightly larger p50-like
product is also generated.
An endoproteolytic cleavage is the key step for releasing

p50. p105 processing is different from other known protea-
some-related processing events in that it results in an incom-
plete degradation of the precursor. The rapid degradation of
the p105 C-terminal portion has been believed to be an oblig-
atory step in the generation of p50 (34). Since the degradation
by the 26S proteasome is highly processive, it is unclear how
the N-terminal portion of p105 (p50) escapes degradation. The
recovery of the released C-terminal portion from the process-
ing of some chimeric molecules (p105-IkBa and IkBa-GRR-
p50 [Fig. 2, 3, and 5]) strongly suggests that p105 processing
includes two steps: a GRR-dependent endoproteolytic cleav-
age and the subsequent degradation of the C terminus. The
GRR-dependent endoproteolytic cleavage, as the first step of
processing, releases p50 from the rest of the p105 C-terminal
portion and therefore provides a satisfactory explanation for
the partial degradation of the precursor. The two-step process-
ing probably allows the degradation of the proteasome to ini-
tiate from the newly generated N terminus.
How the GRR relates to the ubiquitin-proteasome pathway.

The ubiquitin-proteasome pathway has been related to p105
processing (34). Besides the finding that ATP and Mg21 were

required for the processing (14), various proteasome inhibitors
were found to significantly (though not completely) inhibit the
processing of p105 both in vitro and in vivo. Furthermore, the
generation of p50 in S. cerevisiae is prevented by mutations on
the proteasome, and full-length p105 has been found to be
ubiquitinated prior to the proteolysis (34). These results strong-
ly indicated the involvement of the ubiquitin-proteasome path-
way in the processing of p105.
The question of how the generation of p50 is regulated

remains to be answered. A model in agreement with the ob-
servations described above suggests that the phosphorylation
of p105, as observed in IkBa, could serve as a regulatory step
for ubiquitination and the subsequent degradation by the 26S
proteasome (34, 43). The observation that the signal-induced
phosphorylation enhances the processing of p105 in vivo sup-
ports this model (28, 29, 31). However, the inducible phos-
phorylation of p105 as a necessary step for the processing of
p105 is not completely convincing: p50 can be generated in
vitro as well as in unstimulated cells. Also, only phosphorylated
p105 was detected before or after induction and no phosphor-
ylated p50 was detected, suggesting that both basal and in-
duced phosphorylation occurred in the C-terminal portion of
p105 (31). Our results as well as previous observations (14, 17)
have clearly indicated that the entire C-terminal portion of
p105 is dispensable for processing. In addition, we have dem-
onstrated that the GRR can function as an independent signal
for the processing of a non-NF-kB protein. If the basal phos-
phorylation is indeed in the C-terminal portion of p105, our
results suggest that it is at least not directly involved in the
generation of p50 in the absence of the external stimuli and
therefore may not serve as a regulatory step for the generation
of p50 in unstimulated cells. However, our results do not nec-
essarily rule out the possibility of signal-induced phosphoryla-
tion as a regulatory step for p105 processing. The signal-in-
duced phosphorylation in p105, like that in IkBa, could serve
as a regulatory step to trigger ubiquitination that might unfold
p105 and expose the GRR for cleavage and subsequent deg-
radation. One possibility for the generation of p50 in the ab-
sence of the signal is the transient exposure of the GRR to the
proteasome (or an unidentified factor that might recruit the
proteasome) during the folding of nascent p105. However, in
both stimulus-independent and stimulus-dependent situations,
the recognition and binding of the GRR would serve as an
important control step to regulate the generation of p50.
Although the observation that GRR functions as an inde-

pendent signal to direct a two-step processing provides a more
satisfactory explanation for certain phenomena involved in
p105 processing, how the GRR relates to the ubiquitin-pro-
teasome pathway remains to be determined. The generation of
p50 in some yeast proteasome mutants is abolished (34), im-
plying that the proteasome may be responsible for both the
GRR-dependent endoproteolytic cleavage and subsequent
degradation. Selection of a yeast mutant in which both p50 and
the C-terminal portion of p105 can be generated could there-
fore provide genetic evidence for the two-step processing
model described in this work.
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